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We have identified dihydroxythiophenes (DHT) as a novel series of human immunodeficiency virus type 1
(HIV-1) integrase inhibitors with broad antiviral activities against different HIV isolates in vitro. DHT were
discovered in a biochemical integrase high-throughput screen searching for inhibitors of the strand transfer
reaction of HIV-1 integrase. DHT are selective inhibitors of integrase that do not interfere with virus entry, as
shown by the inhibition of a vesicular stomatitis virus G-pseudotyped retroviral system. Moreover, in quan-
titative real-time PCR experiments, no effect on the synthesis of viral cDNA could be detected but rather an
increase in the accumulation of 2-long-terminal-repeat cycles was detected. This suggests that the integration
of viral cDNA is blocked. Molecular modeling and the structure activity relationship of DHT demonstrate that
our compound fits into a two-metal-binding motif that has been suggested as the essential pharmacophore for
diketo acid (DKA)-like strand transfer inhibitors (Grobler et al., Proc. Natl. Acad. Sci. USA 99:6661–6666,
2002.). This notion is supported by the profiling of DHT on retroviral vectors carrying published resistance
mutations for DKA-like inhibitors where DHT showed partial cross-resistance. This suggests that DHT bind
to a common site in the catalytic center of integrase, albeit with an altered binding mode. Taken together, our
findings indicate that DHT are novel selective strand transfer inhibitors of integrase with a pharmacophore
homologous to DKA-like inhibitors.

The introduction of highly active antiretroviral therapy
(HAART) in the mid-90s of the last century led to a dramatic
improvement in the treatment of patients infected with human
immunodeficiency virus (HIV) in industrially advanced coun-
tries (41, 44, 53). HAART has effectively transformed the
HIV/AIDS disease from an invariably lethal infection to a
chronic, but still mortal, illness. Current HAART regimens
involve the combined oral administration of inhibitors against
the two viral enzymes reverse transcriptase and HIV protease.
Only recently, a novel antiviral principle in the form of the
gp41-based fusion inhibitor T20 was introduced into salvage
therapy of HAART patients (16, 47). However, despite these
advances in therapy, substantial unmet medical needs in HIV
treatment remain: in an increasing number of patients,
HAART therapy ultimately fails due to the emergence of HIV
variants that are resistant to currently used drugs (37, 43, 54);
many side effects and long-term toxicities of current drugs
impair the patient’s quality of life (for information see the
Guidelines for the Use of Antiretroviral Agents in HIV-1-
Infected Adults and Adolescents at http://aidsinfo.nih.gov)
(10); high pill burden and complicated dosing lead to low
compliance (1, 12). Thus, the identification of improved agents

that are designed to interrupt alternative stages in the viral life
cycle represents a fundamental challenge in HIV research.

The integration of viral DNA into the cellular chromosome
is a key step in the viral replication cycle, ensuring the stable
maintenance of the viral genome in the host organism (13, 35,
55). Therefore, this essential reaction, which is catalyzed by
HIV’s third enzyme, integrase (IN), represents an attractive
but so-far-unexploited target for therapeutic intervention (3,
15, 56). IN of HIV-1 subtype B isolates is a 32-kDa enzyme
(288 amino acid residues) encoded together with the reverse
transcriptase and the protease by the pol gene of HIV and is
generated during virion maturation by proteolytic processing
of the gag-pol precursor. IN is composed of three essential
domains, with the central catalytic domain (residues 50 to 212)
containing a triad of invariant carboxylate residues, D64, D116,
and E152 (the so-called D,D-35E motif). The latter are in-
volved in the coordination of divalent metal ions and are there-
fore required for catalysis. Whereas structural studies of IN
reveal a single binding site for Mg2� (formed by D64 and
D116) (23, 38), there is also evidence from related phospho-
transferases like avian sarcoma virus, RNase H, and type II
restriction endonucleases that suggests that IN might possess a
second metal binding site (formed by D63 and E152) which
might be occupied in the presence of the DNA substrate (7,
14, 34).

Crystal structures of various integrase subdomains have
been published (11, 24), but the active site has turned out to be
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of a highly flexible nature, thus hampering structural ap-
proaches for drug design (4, 36).

The integration of newly synthesized viral DNA into the host
chromosome is a multistep process (3, 51). Initially, IN recog-
nizes the long-terminal repeat (LTR) of the retro-transcribed
viral DNA, leading to the assembly of various viral and cellular
proteins in a preintegration complex. Subsequently, IN per-
forms endonucleolytic processing of the 3� ends of both strands
via recognition of an absolutely conserved CA dinucleotide
and specific cleavage of the terminal GT dinucleotide down-
stream, thereby generating two recessed 3�-OH ends (3� pro-
cessing). The latter serve as nucleophiles in the following
strand transfer (ST) step, where, in a transesterification reac-
tion, host DNA is cleaved and concomitantly and covalently
linked to the viral genome. Finally, this irreversible incorpora-
tion of the HIV cDNA into the host chromosome is completed
by DNA gap repair, most likely with the help of cellular repair
enzymes.

Despite the identification of diverse classes of IN inhibitors
in simple oligonucleotide-based assays (reviewed in reference
48), most of these compounds do not exhibit antiviral activity
or are too toxic in cell culture (33). Other compounds lack
specificity and have been abandoned (19). The first antiviral
series of compounds that have been proven to act unambigu-
ously via selective inhibition of IN were the 1,3-diketo acid
(DKA) inhibitors identified in a strand transfer assay employ-
ing enzyme preassembled on oligonucleotides (26). It has been
suggested that the prebinding of IN to viral DNA in a donor
substrate complex configures an active site conformation that
is not accessible in assays initiated with free enzyme. DKAs
selectively bind to this complex, thereby competing with the
target (or host) DNA substrate during the strand transfer re-
action (18). From previous studies, it has been postulated that
binding to and inhibition of IN by DKA is achieved by the
interaction of the critical DKA pharmacophore with two diva-
lent metal ions in the active site of IN (25). Consistent with this
proposed mechanism, mutations that confer resistance to
DKA map to the integrase active site adjacent to amino acids
involved in the coordination of divalent metal ions. It has been
reported that resistance mutations reduce IN enzymatic activ-
ity and, hence, the replicative fitness of affected viruses (20,
27, 28).

As expected from their novel mode of action, DKA-like
inhibitors were also shown to be effective against clinical iso-
lates that were resistant to reverse transcriptase and protease
inhibitors (PIs) (28). Consequently, S-1360, a triazole analogue
of DKA developed by Shionogi & Co. and GlaxoSmithKline,
was the first integrase strand transfer inhibitor (INSTI) to
enter clinical trials, but the development was stopped during
phase I/II (Yoshinaga et al., Abstr. 9th Conf. Retrovir. Oppor-
tun. Infect., abstr. 8, 2002) (5). Subsequently, Merck reported
on a novel series of potent INSTIs replacing the 1,3-diketo acid
moiety by an isosteric 8-hydroxy-1,6-naphthyridine core that
showed improved metabolic stability (59). In vivo efficacy of
the naphthyridine carboxamide L-870,812 (50% inhibitory
concentration [IC50] was 40 nM in a strand transfer assay) was
reported in simian-human immunodeficiency virus-infected
rhesus macaques (29), and a congener, L-870,810 (IC50 � 8
nM), moved into clinical trials, where it provided proof of
concept in antiretroviral therapy-experienced and antiretrovi-

ral therapy-naı̈ve patients (S. Little et al., Abstr. 12th Conf.
Retrovir. Opportun. Infect., abstr. 161, 2005). However, re-
cently the development of L-870,810 was discontinued in favor
of MK-0518, which presumably represents another member of
the naphthyridine carboxamide series characterized by an im-
proved pharmacokinetic profile (J. O. Morales-Ramirez et al.,
Abstr. 10th Europ. AIDS Clin. Soc., abstr. LBPS 1/6, 2005)
(17). Whether a second clinical development compound
named GS-9137/JTK-313 belongs to the structurally related
class of 4-oxoquinoline integrase inhibitors is presently not
clear due to a lack of published data (50).

In the present study, we describe the identification and char-
acterization of dihydroxythiophenes (DHT), a novel series of
selective INSTIs with antiviral activity in cell culture. Biochem-
ical and antiviral activities of DHT were profiled against those
of recently described INSTIs, i.e., Merck’s DKA and the
former developmental compounds L-870,810 and S-1360. We
furthermore demonstrate that DHT possess a pharmacophore
that is homologous to the DKA motif, which suggests that
DHT are mechanistically related. However, as DHT are only
partially cross-resistant to previously described INSTIs, their
binding mode to the IN active site is probably not identical.

MATERIALS AND METHODS

Cells and viruses. Unless otherwise stated, cells were grown in RPMI 1640
medium (GIBCO) supplemented with 10% heat-inactivated fetal calf serum
(hi-FCS), 2 mM L-glutamine (GIBCO), 100 �g/ml streptomycin (GIBCO), and
100 U/ml penicillin G (GIBCO) at 37°C in a 5% CO2-humidified atmosphere.

C8166, H9, and MT4 cell lines were obtained from the European Collection of
Cell Cultures. The U1 cell line (described in reference 21) was kindly provided
by T. M. Folks (CDC, Atlanta, Ga.).

Peripheral blood mononuclear cells (PBMCs) were isolated from HIV-1-
negative donors by density gradient centrifugation, grown in RPMI 1640 medium
supplemented with 15% fetal calf serum (FCS), and activated with 90 �g/ml
phytohemagglutinin (Murex Biotech Ltd., Dartford, United Kingdom) and 40
U/ml interleukin-2 (Roche, Basel, Switzerland) for 3 days before infection.

For the preparation of primary monocytes/macrophages, PBMCs of HIV-1-
negative donors were isolated by density gradient centrifugation as described
above and seeded into tissue culture plates in RPMI medium supplemented with
5% hi-FCS and 10% hi-human serum antibody (Sigma-Aldrich). After 2 h, the
supernatant was discarded and adherent cells were washed extensively and in-
cubated for 4 days in the presence of the same medium. Subsequently, cells were
detached from the plates and seeded into 96-well plates at 3 � 104 cells/well.
After an additional incubation period of 3 days, cell monolayers were infected in
the absence of human serum antibody.

Most of the HIV-1 and HIV-2 strains used were kindly provided by H. von
Briesen (Georg-Speyer-Haus, Frankfurt/Main, Germany). The HIV-1 Ba-L iso-
late was obtained from TEBU GmbH (Offenbach, Germany).

Chemistry. Antiviral compounds were synthesized in the chemical department
of Bayer HealthCare Pharma Research and dissolved in dimethyl sulfoxide at a
10 mM final concentration (f.c.). The compounds DHT-1 to -9 are accessible
through standard methods (data not shown). The reference compounds DKA
and L-870,810 that were used in this study were described earlier (52, 2).

Integrase strand transfer assay. A commercially available electrochemilumi-
nescence-based assay was employed for the assessment of IN strand transfer
activity (BioVeris Europe [formerly IGEN Europe], Witney, United Kingdom)
(described in reference 57) essentially according to the manufacturer’s instruc-
tions. HIV-1 IN (prepared according to a method previously described in refer-
ence 32) was preassembled at 37°C for 30 min on biotinylated donor DNA
oligonucleotides coupled to paramagnetic streptavidin-coated M-280 Dynabeads
(Dynal, Norway). Subsequently, the resulting enzyme donor DNA beads were
preincubated in 384-well microplates (Corning), with or without compounds at
different concentrations, for 30 min at room temperature. Samples were mixed
with ruthenium(bpy)3

2�-conjugated target DNA substrate (final concentration
of 3.1 nM) and incubated for 90 min at room temperature in the presence of 8.5
mM MgCl2. Then, the strand transfer reaction was stopped by the addition of
EDTA (final concentration, 25 mM) and electrochemiluminescence of samples
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was analyzed on an M series 384 reader (BioVeris Europe, Whitney, United
Kingdom). The underlying method is based on the capture of the magnetic beads
on an electrode surface in the flow cell and photodetection of product-depen-
dent, ruthenium-emitted light upon excitation.

Integrase 3� processing assay. The 3� processing assays were performed ac-
cording to the method described previously (39), with minor modifications. As a
substrate, a 21-mer double-stranded DNA oligonucleotide consisting of oligo-
nucleotide A (5�-GTGTGGAAAATCTCTAGCAGT-3�) and oligonucleotide B
(5�-ACTGCTAGAGATTTTCCACAC-3�) corresponding to the terminal 21 nu-
cleotides of the U5 HIV LTR was used. Oligonucleotide A was 5� end labeled
with [�-32P]ATP using T4 polynucleotide kinase (Invitrogen Life Technologies)
and annealed to oligonucleotide B. For compound testing, 2.5 pmol HIV-1
integrase, 0.1 pmol double-stranded oligonucleotides, 25 mM morpholinepro-
panesulfonic acid (pH 7.2), 7.5 mM MnCl2, 14.3 mM 2-mercaptoethanol, and 0.1
mg/ml bovine serum albumin were incubated for 30 min at 37°C in the absence
or presence of various concentrations of inhibitors. The reaction was stopped by
adding the same volume of stop buffer containing 98% deionized formamide, 10
mM EDTA (pH 8.0), 0.05% xylene cyanol blue, and 0.05% bromophenol blue.
Samples were then heated for 5 min at 95°C and loaded on a 20% acrylamide gel
containing 7 M urea in Tris-borate-EDTA. Autoradiography and quantification
were performed by exposing the dry gel on a phosphorimager (Fuji).

p24 enzyme-linked immunosorbent assay. The level of HIV p24 antigen in the
culture supernatants was assessed by an enzyme-linked immunosorbent assay
using the Vironostika HIV-1 antigen kit (bioMerieux, The Netherlands) accord-
ing to the manufacturer’s instructions.

HIV replication assays. The antiviral activity of compounds was assessed by a
cytoprotection assay based on C8166 cells infected by the HIV-1 isolate D117II
(49). Briefly, C8166 cells were batch infected with HIV-1 D117II and immedi-
ately distributed into 96-well plates at 5,000 cells per well in the presence or
absence of test compounds at various concentrations. After 6 days of incubation,
cell survival was detected by incubation of treated cells with the fluorogenic dye
alamarBlue from Biosource International (Camarillo, CA) according to the
manufacturer’s instructions. Anti-HIV activities of compounds were expressed as
50% effective concentrations (EC50s). The cytotoxicity of compounds was deter-
mined in parallel by alamarBlue staining of uninfected samples.

Antiviral activities of compounds against some primary isolates were tested on
PBMCs. PBMCs were infected with different isolates of HIV-1 and HIV-2 as
indicated, distributed into 96-well plates at 4 � 104 cells per well in the presence
or absence of test compounds at various concentrations, and incubated for 4 to
7 days without subcultivating. After that, cell-free supernatants were collected
and tested for p24 antigen (described above). The anti-HIV activities of com-
pounds were expressed as EC50s. The cytotoxicity of compounds was determined
in parallel by alamarBlue staining according to the manufacturer’s instructions.

Antiviral activities of compounds against the R5-tropic HIV-1 isolate Ba-L
were assessed on primary monocytes/macrophages. Briefly, monolayers of mono-
cytes/macrophages were infected in the presence or absence of compounds at
various concentrations. Fresh medium, with or without compound, was added at
days 3 and 11 postinfection (p.i.). On day 17 p.i., cell-free supernatants were
collected and tested for p24 antigen (described above). The cytotoxicity of
compounds was determined in parallel by alamarBlue staining according to the
manufacturer’s instructions.

Time of addition experiment. MT4 cells were resuspended in ice-cold RPMI
medium and preincubated with HIV-1 (D117-II) at a high multiplicity of infec-
tion (MOI) (an MOI of �1) on ice for 40 min to allow attachment of virus to
cells. Samples were then washed twice with ice-cold medium to remove unbound
virus. Subsequently, cells were resuspended in 37°C warm medium and imme-
diately (at time zero [t0]) distributed in 96-well plates (1.3 � 104 cells/well).
DHT-2 was added at t0 or at various time points thereafter (t � 1, 3, 8, and 27 h)
at a final concentration of 15 �M. Reference compounds included were T20
(fusion inhibitor, f.c. 5 �M), efavirenz (EFV) (nonnucleoside reverse transcrip-
tase inhibitor [NNRTI], f.c. 250 nM), DKA (INSTI, f.c. 5 �M), and saquinavir
(SQV) (PI, f.c. 500 nM). Thirty-six hours postinfection, aliquots from each
sample were collected and analyzed for virion production by p24 antigen capture
as described above.

U1 cell assay. Persistently infected U1 cells (described in reference 21) were
seeded at 4 � 104 cells per well in RPMI medium, and test compounds were
added at different concentrations. At the same time, HIV-1 production was
induced by the addition of 10 ng/ml phorbol myristate acetate (PMA) and cells
were incubated for 48 h at 37°C and 5% CO2. Cell-free supernatants were then
collected and tested for p24 antigen (described above). The anti-HIV activities of
compounds were expressed as EC50s.

HIV vector transduction assays. The HIV-1-based lentiviral vector system that
was used was originally described by Jarmy et al. (31). The production of

pseudotyped viral vectors was performed by transient cotransfection of
HEK293T cells with the plasmids pczVSV-G and pGJ3-luci essentially as de-
scribed earlier. Briefly, HEK293T cells grown in Dulbecco’s modified Eagle’s
medium (GIBCO; supplemented with 2 mM L-glutamine [GIBCO] 100 �g/ml
streptomycin [GIBCO] and 100 U/ml penicillin G [GIBCO]) were transfected
with the same amount of each plasmid using Lipofectamine 2000 as transfection
reagent (Invitrogen Life Technologies) and incubated for 7 h at 37°C. After that,
the medium was exchanged and incubation continued for an additional 16 h. At
that point, sodium butyrate was added at a final concentration of 10 mM.
Supernatants were harvested after a final incubation of 24 h.

Infection of HEK293 cells with vector-containing supernatants was performed
essentially as described elsewhere (31). Briefly, HEK293 cells were mixed with
HIV vector preparation and seeded at 5 � 104 cells per well in 96-well lumi-
nometer plates (Greiner) in the presence or absence of compounds at different
concentrations. Twenty-four hours later, medium was removed and 100 �l of a
1:1 mix of lysis-buffer (3% Triton X-100, 11.5% glycerol, 2 mM dithiothreitol, 25
mM Na2HPO4, 25 mM Tris/Cl [pH 7.8]) and luciferase substrate (20 mM tricine
[pH 7.8], 2.7 MgSO4, 0.1 mM EDTA, 33.3 mM dithiothreitol, 270 �M coenzyme
A, 470 �M luciferin, 530 �M ATP) was added. Light emission was recorded with
an in-house-developed camera system (Bayer HealthCare AG). The cytotoxicity
of compounds (50% cytotoxic concentration [CC50]) was determined in parallel
by alamarBlue staining according to the manufacturer’s instructions.

In some experiments, vector transduction was performed using particles with
authentic HIV-1 envelope. These HIV vectors were produced as described
above, with the exception of cotransfecting pGJ3-luci and pEnvIIIB (kindly pro-
vided by C. Jassoy) instead of pczVSV-G. The resulting nonpseudotyped vector
particles were used to infect H9 cells for 48 h in the absence or presence of test
compounds. An assessment of luciferase activity in transduced cells was per-
formed as described above.

Site-directed mutagenesis. In vitro mutagenesis of integrase was performed
with the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer’s instructions using the plasmid pGJ3-luci as a
template. The introduction of mutations was verified by DNA sequencing.

Real-time PCR. The day before transduction, HEK293T cells were seeded in
24-well plates at 2 � 105 cells per well. Transduction with wild-type (wt) vector
was carried out with 4.2 � 106 50% tissue culture infective dose/ml. The vector
was added to the cells in the presence of inhibitor. After 1.5 h of incubation at
37°C, cells were washed with phosphate-buffered saline and fresh medium with
the respective inhibitor was added. At different time points after transduction (0
to 48 h), cells were harvested and total DNA was extracted using a DNeasy tissue
kit (QIAGEN, Hilden, Germany). DNA samples were quantified by spectropho-
tometry at an optical density of 260 nm and adjusted to the same concentration.
Real-time PCRs were performed essentially as described previously (8, 42). For
the quantification of late reverse transcripts, the primers MH531 (5�-TGTGTG
CCCGTCTGTTGTG-3�), MH532 (5�-GAGTCCTGCGTCGAGAGAGC-3�),
MH535 (5�-AACTAGGGAACCCACTGCTTAAG-3�), and the TaqMan probe
LRT-P (5�-[FAM]-CAGTGGCGCCCGAACAGGGA-[TAMRA]-3�) were
used. For the quantification of 2-LTR circles, the primer MH535, AB536-1
(5�-TGTCTTTGGGAGTGAATTAGC-3�), and the TaqMan probe MH603
(5�-[FAM]-ACACTACTTGAAGCACTCAAGGCAAGCTTT-[TAMRA]-3�)
were employed. The quantification of integrated provirus was carried out in a
two-step PCR amplification (8, 42). For the outer PCR, the primers Alu (5�-T
GCTGGGATTACAGGCGTGAG-3�) and Q-Alu-F-out (5�-GCTAACTAGGG
AACCCACTGCTTA-3�) were used. The sequence of the primer used for quan-
tification was, for Q-Alu-F-in, 5�-AGCTTGCCTTGAGTGCTTCAA-3�, for
Q-Alu-R-in, 5�-TGACTAAAAGGGTCTGAGGGATCT-3�, and for TaqMan
probe, 5�-(FAM)-TTACCAGAGTCACACAACAGACGGGCA-(TAMRA)-3�.
Each experiment contained a standard curve of the amplicon being measured
run in duplicate, ranging from 10 to 105 copies plus negative controls that lacked
a template. For quantification of late reverse transcripts and 2-LTR circle PCR,
standard curves were generated by the dilution of pGJ3-Luci DNA with match-
ing sequences. In all cases, the DNA standard was diluted into 250 ng of
uninfected cellular DNA to match the cellular samples. The Alu copy number
standard DNA was generated as described recently (8). Reaction mixtures con-
tained 1� Platinum pPCR SuperMix UDB (Invitrogen Life Technologies); 300
nM forward primer, 300 nM reverse primer, and 200 nM probe primer; and 250
ng of template DNA in a 50-�l volume. After initial incubation at 50°C for 2 min
and 95°C for 10 min, 40 cycles of amplification were carried out at 95°C for 30 s,
followed by 1 min 30 s at 60°C. Reactions were analyzed by using the ABI Prism
7700 sequence detection system (PE-Applied Biosystems).

Modeling. The alignment was performed with Sybyl 6.9.2 (Tripos, Inc.) on
three-dimensional structures generated using Concord with the MMFF94s force
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field. The alignment pattern used was the seven-atom motif [C:C(:CC(any) �
O)O] describing the �-keto-hydroxy fragment.

RESULTS

DHT are potent strand transfer inhibitors of HIV integrase.
In an effort to identify inhibitors for strand transfer activity of
IN, we performed a high-throughput screening of a low-mo-
lecular-weight compound library. The oligonucleotide-based
assay that was used (Origen assay; BioVeris) basically resem-
bled the ST assay reported by Hazuda et al. (26) involving
preassembled IN. Among the tested compounds, dihydroxy-
thiophenes demonstrated potent IN strand transfer inhibition,
whereby DHT-1 and DHT-2 were the most active class mem-
bers (IC50s of 0.03 �M and 0.02 �M, respectively) as shown in
Table 1. The IC50 values of reference inhibitors for strand
transfer were determined in parallel in this assay and were
found to be 0.012 �M, 0.13 �M, and 0.001 �M for DKA,
S-1360, and L-870,810, respectively.

Besides the ST reaction, integrase also catalyzes the preced-
ing 3� processing of HIV LTRs in vitro and in vivo, with both
reactions mediated by different regions of the same active site.
Therefore, we asked to what extent DHT were able to inhibit
3� processing using an oligonucleotide-based in vitro assay.
Reference compounds for strand transfer reactions, like DKA,
S-1360, and L-870,810, are known to be only moderate-to-

weak inhibitors for 3� processing, leading to IC50 values of 4
�M, 15 �M, and 4 �M, respectively (Table 1). Likewise,
DHT-2, with an IC50 value of 12.5 �M, preferentially affects
ST reaction versus 3� processing.

DHT inhibit HIV replication in cell culture. Although nu-
merous inhibitors have been described which were identified in
in vitro IN assays, only a few of them were reported to exhibit
antiviral activities in cell culture. Therefore, we investigated
the potential of DHT to inhibit HIV replication in a cell culture
model of acute infection. Interestingly, as shown in Table 2, DHT
showed potent antiviral activity in an HIV replication assay
based on HIV-1-infected (D117II isolate) C8166 cells with an
EC50 for DHT-2 of 0.3 �M. Activities of reference INSTIs
were assessed in parallel and were found to be in the same
range for DKA (EC50, 0.1 �M), and S-1360 (EC50, 0.3 �M),
whereas L-870,810’s antiviral activity was in the nanomolar
range (EC50, 0.002 �M). The cytotoxicity of DHT-2 on C8166
cells, expressed as a CC50 value, was 	25 �M. Thus, DHT-2
has a selectivity index of 	83.

We also analyzed the activity of DHT on primary target cells
like PBMCs and monocytes/macrophages and against different
HIV-1 and HIV-2 isolates. As shown in Table 2, DHT proved
to be broadly effective against all tested viral isolates, including
variants of clades A, B, C, and E and of different tropisms (X4
and R5). Moreover, DHT were also active against HIV-2 with
similar potencies (EC50 of 0.7 �M). As expected from their
postulated mode of action, DHT were also shown to be effec-
tive against viral variants that were resistant to reverse trans-
criptase and protease inhibitors (data not shown).

Mode-of-action studies to confirm that DHT are authentic
inhibitors of HIV IN. In order to prove that the antiviral
activity of DHT was indeed mediated by the inhibition of HIV
integrase, various mode-of-action studies were performed.

Time-of-addition experiment. We carried out a time-of-ad-
dition experiment to investigate at which stage during the viral
replication cycle intervention by DHT takes place (Fig. 1).
Cells were infected at high multiplicities of infection (MOI,
�1) to synchronize HIV replication, and antivirals, including
reference compounds with known modes of action, were added
at different time points postinfection, ranging from 0 to 27 h.
As expected, the fusion inhibitor T20 already lost its activity
when added 1 h after infection. In contrast, the protease in-
hibitor SQV retained most of its inhibitory effect even when
added 28 h after infection, whereas the addition of the NNRTI
EFV could only be postponed for up to 	3 to 8 h without
losing activity. As expected for the reference strand transfer
inhibitor DKA, a loss of activity could be observed starting at
8 h p.i. A similar profile was found for DHT when tested in this
assay: the compound remained active during the early steps of
viral entry but lost its inhibitory effect when added 8 h p.i.

This result strongly suggests that DHT are inhibiting an
early but postentry step of the viral life cycle, which is in
accordance with its postulated anti-integrase activity. However,
the time resolution of this experiment does not allow the ex-
clusion of an interaction of DHT with the reverse transcriptase
of HIV.

Persistently infected cells. To investigate whether DHT ex-
ert an additional effect during late postintegration steps of the
viral life cycle, DHT-2 was evaluated for virus production on
persistently infected U1 cells. This cell line bears stably inte-

TABLE 1. Activity of DHT and reference INSTI in ST
and 3� processing assays

Compound Structure
IC50 (�M)

STa 3�-Pb

DHT-1 0.03 NDc

DHT-2 0.02 12.5

DKA 0.012 4

S-1360 0.13 15

L-870,810 0.001 4

a Results show the mean value of at least six separate experiments.
b Results show the mean value of at least two separate experiments.
c ND, not determined.
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grated HIV provirus with a defective LTR, which can be in-
duced to synthesize viral particles by the addition of PMA.
Control compounds included in the experiment were the
NRTI zidovudine (AZT), which showed no effect at concen-
trations from 0.012 to 0.750 �M, and the PI SQV, which
strongly reduced the production of mature HIV particles by more
than 95% at its highest concentration of 0.750 �M (Fig. 2). No
dose-dependent inhibition of the HIV yield was detectable for

DHT-2 when tested at concentrations from 0.12 to 7.5 �M,
which suggests that DHT do not target late steps of viral
replication.

HIV vector transduction. To further underline the interfer-
ence with early postentry steps of HIV replication, we evalu-
ated DHT in a replication-incompetent lentiviral vector system
(described in reference 31). HIV-1-derived vectors pseudotyped
with the vesicular stomatitis virus G (VSV-G) envelope protein
carried a luciferase reporter gene that is activated after suc-

FIG. 1. Time-of-addition experiment. MT-4 cells were infected
with HIV-1 (D117/II) at an MOI of �1, and test compounds were
added at different time points after infection (0, 1, 3, 8, or 27 h). The
production of viral p24 Ag was assessed 36 h after infection. Concen-
trations of compounds were as follows: T20, 5 �M; DKA, 5 �M; EFV,
0.25 �M; SQV, 0.5 �M; and DHT-2, 15 �M. OD450, optical density at
450 nm; OD620, optical density at 620 nm.

FIG. 2. Effect of DHT-2 on production of HIV-1 by persistently
infected U1 cells. U1 cells were treated with PMA to induce HIV-1
production in the absence or presence of AZT, SQV, or DHT-2 and
incubated for 48 h. The amount of p24 in the supernatants is expressed
as the percentage of untreated control. Note that the upper concen-
tration range (a) is given for AZT and SQV, while the lower range (b)
is given for DHT-2.

TABLE 2. Antiviral activity and cytotoxicity of DHT in different cell culture systems

Compound HIV isolate Target cell Readout Remarka EC50 (�M) CC50 (�M)

DHT-1 D117II C8166 Cytoprotection HIV-1/B/X4 0.4 �12.5
DHT-2 D117II C8166 Cytoprotection HIV-1/B/X4 0.3 25
DKA D117II C8166 Cytoprotection HIV-1/B/X4 0.1 50
S-1360 D117II C8166 Cytoprotection HIV-1/B/X4 0.3 25
L-870,810 D117II C8166 Cytoprotection HIV-1/B/X4 0.002 3.1
AZT D117II C8166 Cytoprotection HIV-1/B/X4 0.04 NDd

DHT-1 IIIB MT4 Cytoprotection HIV-1/B/X4 0.4 �12.5
EFV IIIB MT4 Cytoprotection HIV-1/B/X4 0.009 ND

DHT-2 D34 PBMC p24 HIV-1/B/X4 0.4 12.5
AZTb D34 PBMC p24 HIV-1/B/X4 0.008 ND
DHT-2 GE98002 PBMC p24 HIV-1/B/X4 0.2 12.5
DHT-2 ZA97005 PBMC p24 HIV-1/C/X4 0.8 ND
DHT-2 TZ97002 PBMC p24 HIV-1/A/X4 0.4 ND
DHT-2 TH92001 PBMC p24 HIV-1/E/X4 0.2 ND

DHT-2 D-194 PBMC p24 HIV-2 0.7 ND
AZT D-194 PBMC p24 HIV-2 0.01 ND

DHT-1 Ba-L M/Mc p24 HIV-1/B/R5 0.2 12.5
AZT Ba-L M/M p24 HIV-1/B/R5 0.003 ND

a Specification of HIV isolate with regard to HIV-1 or -2, tropism (X4 or R5), and clade (A, B, C, or E).
b Reference compounds like AZT were included in each assay, but for clarity reasons, EC50 values are given for only D34-infected PBMCs.
c M/M, monocyte/macrophage.
d ND, not determined.
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cessful integration of the lentiviral genome into HEK293 tar-
get cell DNA. Thus, this system represents an extremely help-
ful tool for the characterization of inhibitors for reverse
transcription and integration under single-cycle conditions.

As depicted in Table 3, we found that DHT-1 exerted potent
inhibition of lentiviral transduction with an EC50 of 0.12 �M,
which is in the same range as the EC50 for the former devel-
opmental compound S-1360 (EC50, 0.3 �M). However, higher
potencies were observed for DKA and L-870,810, with EC50

values of 0.03 and 0.007 �M, respectively. These values are in
good accordance with the graduated potencies of DHT and
reference compounds in the biochemical strand transfer assay
and in the replication assay described above and suggest that
antiviral activity of DHT in cellular systems is indeed coupled
to the inhibition of integrase strand transfer activity. More-
over, due to the lack of gp120/gp41 in the retroviral particles,
an interference of DHT with HIV env-mediated entry steps
can be excluded.

To further corroborate this independence of HIV env, we
also investigated the activity of DHT on viral transduction of
nonpseudotyped vector particles. Whereas the gp41-targeting
fusion inhibitor T20 was inactive in VSV-G-pseudotyped HIV
vectors and active in nonpseudotyped HIV vectors, EC50 val-
ues for DHT remained essentially unchanged in the presence
or absence of env (EC50s of 0.12 and 0.09 �M, respectively). It
should be mentioned that, accordingly, DHT did not appear to
bind to gp120 in vitro as analyzed by surface plasmon reso-
nance experiments using immobilized recombinant gp120
(data not shown).

We then asked whether the introduction of key mutations
against marketed NNRTIs would have any influence on the
antiviral activity of DHT. Therefore, variants of vector parti-
cles were generated bearing the K103N/Y181C double muta-
tion in the RT open reading frame. The introduction of these
mutations caused a marked increase in the EC50 of nevirapine
(NVP) and EFV (data not shown) and led to resistance indices
of �120. In contrast, no reduction of DHT potency was ob-
served on K103N/Y181C particles. This finding substantiates
their lack of cross-resistance to current NNRTIs (see above).

Real-time PCR. To investigate in detail at which stage dur-
ing early postentry HIV is affected by DHT, we followed the
fate of viral nucleic acids in HIV-infected cells. HEK293T cells
were transduced by HIV vectors ensuring single-cycle infection

conditions. Subsequently, DNA extracts of HEK293T cells
transduced in the absence or presence of compounds were
analyzed by a set of quantitative PCRs (Fig. 3). Using different
specific primers and probes, we followed the synthesis of late
reverse transcripts, 2-LTR circles, and proviral integration
over a period of 48 h p.i. Blocking reverse transcription with
AZT results in a reduced formation of 2-LTR circles and
integrated provirus. In contrast, neither DHT-2 nor the refer-
ence INSTIs S-1360 and L-870,810 decreased the production
of late transcripts but they induced a significant accumulation
of 2-LTR circles. Moreover, the integration of proviral DNA in
the presence of either reference INSTIs or DHT-2 was se-
verely reduced to background level. In summary, these results
strongly support that the antiviral activity of DHT is a direct
consequence of its effect on proviral integration.

Structure-activity relationship of DHT. To analyze the
structure-activity relationship (SAR) of DHT, analogs of
DHT-1, with modifications at positions R1, R2, and R3, were
synthesized and tested for activity in the strand transfer assay
and against HIV replication (Table 4).

We observed that methylation of one (DHT-3 and DHT-4)
or both (DHT-5) hydroxy groups at R2 and R3 of the thio-
phene led to a total loss of activity in both the biochemical IN
strand transfer assay and the HIV replication assay. Thus, both
OH groups represent essential structural elements of this class
of IN inhibitors that are similar to the chelating diketo function
of DKA inhibitors. In contrast, the modulation of the activity of
DHT could be achieved by modification of the R1 position, with
a benzyl substituent (DHT-2) being the most favorable residue
tested so far in both assay systems. N methylation at the amide
nitrogen as present in compound DHT-6 led to a reduced activity
in both assays, underlining the importance of the coplanarity of
the pharmacophore.

Three-dimensional-alignment of the DHT pharmacophore
to DKA and naphthyridine carboxamides. For DKA-like in-
hibitors, a two-metal-binding model has been proposed in
which the diketo acid pharmacophore coordinates two divalent
metal ions in the catalytic site of the integrase donor substrate
complex, thereby competing with the target DNA (25).

To examine whether the mode of action of DHT might also
involve an interaction with active site metal ions, a three-di-
mensional model of DHT-1 was generated (shown in Fig. 4A)
and employed as a template to align its �-keto-dihydroxythio-
phene pharmacophore both to the DKA-like S-1360 and the
naphthyridine L-870,810. The overlay of low-energy conform-
ers for all three compounds, as depicted in Fig. 4B, indicates
that the spatial orientation of the DHT functionalities is in
good agreement with the positioning of essential residues in
S-1360 and in the naphthyridine. Moreover, as reported for
DKA and naphthyridines and as shown in Fig. 4B, the central
pharmacophore of DHT is almost planar. Distances (d1 and
d2) and angles between residues putatively involved in chelat-
ing active site metal ions were calculated and were found to be
in the same range for all three inhibitors: d1 � 2.6 to 2.8 Å; d2
� 2.7 to 3.0 Å; theta � 142 to 145°. It is of note that these
values are in good agreement to the data of Grobler et al. (25)
describing the two-metal-binding motif for DKA-like inhibi-
tors: d1 � 2.70 Å; d2 � 2.99 Å; theta � 142°.

The more distal parts of DHT are significantly less congru-
ent to the respective parts of S-1360 and the naphthyridine due

TABLE 3. Activity of DHT and reference compounds using
different HIV vector systems

Compound

EC50 (�M)
CC50

(�M)aVSV-G-pseudo-
typed vector a

VSV-G-pseudotyped
vector a (RT mut)c

Nonpseudo-
typed vector b

DHT-1 0.12 0.18 0.09 �25
DKA 0.03 NDd 0.06 �25
S-1360 0.3 ND ND �25
L-870,810 0.007 ND 0.004 �1
T-20 �25 ND 0.12 ND
NVP 0.06 �10 0.05 ND

a Results from using HEK293 as target cells (see Materials and Methods).
b Results from using H9 as target cells (see Materials and Methods).
c Vector carries a double mutation, K103N/Y181C, in RT
d ND, not determined.
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to the relatively flexible side chains. A strict constraint align-
ment was not performed for these parts, since there is no
experimental information available for deciding the required
side chain conformation.

DHT are only partially cross-resistant to DKA and naph-
thyridine carboxamides. In order to compare DHT in more
detail to known classes of INSTIs, we profiled DHT on IN
carrying resistance mutations for S-1360, DKA, and L-870,810
in a cellular system. It has been reported that the introduction
of some key resistance mutations induced by INSTIs, e.g.,
N155S, severely impairs replicative fitness of mutant strains
and so complicates their phenotypic characterization. There-
fore, our analysis was performed with the help of replication-
incompetent HIV vector particles carrying defined modifica-
tions in the IN open reading frame.

A panel of vector particles containing recently described
DKA resistance mutations and combinations thereof was con-
structed and examined for the particles’ susceptibilities to
DHT-1 and -2, DKA, S-1360, and to the recently reported

FIG. 3. Effect of DHT on HIV DNA during HIV vector transduc-
tion. 293T cells were transduced with HIV-1 vectors at a high MOI in
the absence or presence of inhibitors (AZT, DHT-2, S-1360,
L-870.810, and dimethyl sulfoxide [DMSO]). Cells were harvested, and
DNA was extracted at different time points after infection. Samples
were analyzed by quantitative PCR for late reverse transcripts (A),
2-LTR circles (B), and integrated proviral DNA (C).

TABLE 4. SAR of DHT in integrase strand transfer and HIV
replication assays

Compound
Activity (�M)

R1 R2 R3 IC50
a EC50

b

DHT-1 0.03 0.4

DHT-2 0.02 0.3

DHT-3 �50 �50

DHT-4 �50 �12.5

DHT-5 �50 �25

DHT-6 1.6 �12.5

DHT-7 0.4 3.1

DHT-8 0.15 1.6

DHT-9 3 25

a IC50 in integrase strand transfer assay.
b EC50 in HIV replication assay based on D117II-infected C8166 cells.
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naphthyridine carboxamide L-870,810 (Table 5). For DKA a
loss of susceptibility on modified vector particles carrying
S153Y (1-fold), T66I/S153Y (9-fold), or S153Y/N155S (47-
fold) was in good agreement with published data generated on
mutant HIV isolates (27, 29). When we profiled the two other
reference INSTIs for these three mutants we observed that
S-1360 was broadly cross-resistant (4-, 14-, and 25-fold, respec-
tively), whereas resistance of L-870,810 was restricted to S153/
N155S (15-fold). In contrast, neither DHT-1 nor DHT-2 ex-
hibited a significant loss of efficacy with any of these mutants.
However, activity of all IN inhibitors, including DHT, was
strongly reduced on mutant vectors carrying the substitutions
T66I/N155S (17- to 25-fold) and T66I/S153Y/N155S (more
than 33-fold), providing further evidence for DHT being au-
thentic inhibitors of HIV integrase.

Another striking observation was made with regard to the

role of the T66I single mutation: whereas sensitivities of DKA,
L-870,810, and S-1360 were not, or only weakly, decreased in
the presence of T66I, it clearly was associated with a hyper-
sensitivity (four- to sixfold) to DHT. However, the T66I mu-
tation made a crucial contribution to the resistance of vector
particles to DHT observed in T66I/N155S (17- to 25-fold) and
T66I/S153Y/N155S (more than 33-fold) mutants relative to
N155S (1-fold) and S153Y/N155S (2-fold), respectively.

We also analyzed DHT for cross-resistance against the re-
cently described N155H mutation raised in vivo against
L-870,812, a congener of L-870,810. Interestingly, besides
L-870,810 (26-fold), only S-1360 (6-fold) exhibited low cross-
resistance, whereas both DKA and DHT retained their activ-
ities completely. Finally, DHT were profiled against a panel of
modified vectors carrying single mutations which have been
reported to confer resistance to the DKA-like inhibitor S-1360
(i.e., Q148K, V151I, and N155S). In this case, only DHT re-
mained fully active, while DKA (5- to 10-fold) and L-870,810
(21- to 36-fold) were moderately to strongly cross-resistant.

It is of note that the naphthyridine carboxamide L-870,810,
a bioisosteric homolog of DKA, showed a substantial overlap
in its cross-resistance profile to DKA-like compounds. How-
ever, the decrease of sensitivity against L-870,810 in the pres-
ence of T66I/S153Y (3-fold) and S153Y/N155S (15-fold) was
less severe than that observed for DKA (9- and 47-fold, re-
spectively) and S-1360 (14- and 25-fold, respectively). More-
over, the naphthyridine resistance mutation N155H induced
no (onefold for DKA) or only weak resistance (sixfold for
S-1360) against DKA-like inhibitors.

In summary, each INSTI, including DHT, showed its distinct
resistance profile on our panel of engineered HIV vectors
carrying mutations against DKA, S-1360, or naphthyridine car-
boxamides, although a certain overlap was present. DHT
showed the most restricted profile in the underlying collection

FIG. 4. Three-dimensional-structure of DHT and alignment to reference INSTI. (A) Three-dimensional model of DHT-1. Values for distances
d1 and d2 and the angle theta are given. (B) Overlay of DHT-1 (in gray), S-1360 (in orange), and L-870,810 (in green). Values for distances d1
and d2 and angle theta shown in panel A are listed in the table. Circles mark residues putatively involved in chelating active site metal ions.

TABLE 5. Activities of DHT and reference INSTIs against HIV
vectors containing various site-directed mutations in integrase

Mutation
Reduction (n-fold) in susceptibility of mutants to:

DHT-1 DHT-2 DKA S-1360 L-870,810 AZT

S153Y 2 2 1 4 2 1
T66I/S153Y 1 1 9 14 3 1
S153Y/N155S 2 2 47 25 15 1
T66I/N155S 17 25 94 14 190 1
T66I/S153Y/

N155S
�33 �43 �125 �25 �286 1

T66I 0 a 0 b 1 5 1 1
N155H 1 1 1 5 26 1
N155S 1 1 10 15 30 1
Q148K 1 1 9 17 21 1
V1511 1 1 5 17 36 1

a Mutant with fourfold-higher susceptibility than the wt.
b Mutant with sixfold-higher susceptibility than the wt.
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of mutants, whereas S-1360 was cross-reactive, to different
extents, against all tested variants.

DISCUSSION

A huge number of compounds have been reported to inhibit
HIV integrase activity in vitro in oligonucleotide-based assays
(48), but to date, only DKA and its homologs, the naphthyri-
dine carboxamides, proved to be unambiguous, well-character-
ized integrase inhibitors that reached clinical development status.
The assessment of a second clinical development compound
named GS-9137/JTK-313 is not yet possible due to a lack of
published data.

Here we describe the identification, characterization, and
profiling of DHT, a novel series of HIV INSTIs that are active
against HIV replication, with a pharmacophore homologous to
the previously described DKA-like and naphthyridine com-
pounds.

Our experimental data clearly indicate that DHT are selec-
tive inhibitors for HIV IN strand transfer with a potency in-
termediate to Merck’s naphthyridine L-870,810, their DKA,
and Shionogi’s former developmental compound, S-1360. As
has been reported for other INSTIs, the activity of DHT in 3�
processing assays was markedly lower (27). The observation
that both activities of IN could be affected differentially by
inhibitors, together with results from mutagenesis studies, sub-
stantiates the hypothesis that strand transfer and 3� processing
are mediated by distinct subregions or different structural con-
firmations of the same catalytic site (9, 40).

Most interestingly, DHT showed broad antiviral activity
against different laboratory and primary isolates of HIV on
different target cells with selectivity indices between 31 and 83
and retained efficacy against strains carrying resistances for
marketed reverse transcriptase inhibitors and PIs (data not
shown). To investigate whether this antiviral activity of DHT in
cell culture was indeed linked to the inhibition of integrase
strand transfer, various mode-of-action studies were per-
formed. Results from time-of-addition (TOA) studies and ex-
periments with HIV vectors and persistently infected U1 cells
point to an early mechanism of action for DHT. Furthermore,
as DHT in TOA experiments start to lose activity from 	8 h
p.i. onwards and are inactive in VSV-G or HIV env-
pseudotyped HIV vectors, we could exclude any intervention
of DHT with early entry/fusion steps. As interference with
early entry steps has been described for the first-generation IN
inhibitors AR177 (19) and L-chicoric acid (46), exclusion of
intervention with this step in particular is an important issue
when characterizing cellular activity of novel IN inhibitors.

As the time resolution of TOA experiments in general does
not allow the possibility of discriminating RT from IN steps, it
was necessary to analyze the fate of viral nucleic acid in a set
of quantitative PCRs on DNA purified from HIV vector-trans-
duced cells in the absence or presence of DHT at various time
points following infection. The profile of DHT was almost
indistinguishable from that of reference INSTI, strongly sup-
porting our hypothesis that the antiviral effect of DHT in cell
culture is in fact due to the specific inhibition of the DNA
strand transfer reaction. Recently, the quantification of viral
nucleic acid species by real-time PCR was used to characterize
two novel types of integrase inhibitors with a new mode of

action, the pyranodipyrimidines and the styrylquinolines. For
V-165, a pyranodipyrimidine prototype, only a moderate in-
crease in the amount of 2-LTR circles was reported, whereas,
in the case of the FZ41, a styrylquinoline prototype, no circular
HIV DNA accumulated at all. For both classes, it was con-
cluded that each compound interacts with IN and so interferes
with the stability, the formation, and/or the nuclear import of
pre-integration complexes in infected cells (6, 45). Therefore,
both compounds have been classed as integrase-binding inhib-
itors (56). In contrast to V-165 and FZ-41, DHT markedly
increased the formation of 2-LTR circles, which suggests that
the inhibitory effect of DHT is most likely restricted to the
strand transfer reaction.

It should be added that DHT did not show any activity in
biochemical assays for HIV reverse transcriptase and HIV
protease (data not shown). Moreover, when tested for ac-
tivity against various bacterial and human topoisomerases,
which are also involved in DNA transesterification reac-
tions, DHT were inactive. These data further substantiate
the specificity of DHT.

In order to get more insight into the molecular mechanism
of the interaction of DHT with IN, we then analyzed their
SAR. The chemical derivatization of DHT revealed that both
OH groups linked to the thiophene are essential for their
inhibitory activities, suggesting that these functionalities might
be key elements of a pharmacophore that is isosteric to the
DKA motif. Modifications of the metal-binding DKA pharma-
cophore has been described earlier in the case of the closely
related analogs 5-CITEP and S-1360, where the carboxylate
moiety of the pharmacophore was functionally replaced by a
tetrazole and a triazole, respectively. (24, 25, 5) (Yoshinaga et
al., Abstr. 9th Conf. Retrovir. Opportun. Infect., abstr. 8,
2002). In addition, efforts to reduce the electrophilic nature
of the 1,3-diketone moiety resulted in the identification of
the homologous 8-hydroxy-1,6-naphthyridine-7-carboxamides,
with L-870,810 representing the first member providing proof
of concept in HIV-infected patients (30, 58, 59) (S. Little et al.,
Abstr. 12th Conf. Retrovir. Opportun. Infect., abstr. 161,
2005). It has been reported that the coplanar conformation of
the 1,3-diketo acid moiety is an important feature of the DKA
pharmacophore, which was taken into consideration when de-
signing the 8-hydroxy-(1,6)-naphthyridines (59). Interestingly,
coplanarity of the pharmacophore was favorable also for DHT,
underlining that the �-keto-dihydroxythiophene moiety is iso-
steric to the DKA motif.

Our notion that the DHT motif is mimicking the common
pharmacophore of known INSTI was further supported by the
molecular modeling of DHT and overlay to S-1360 and the
naphthyridine L-870,810. This study demonstrated a good
alignment of the spatial orientation and geometry of the es-
sential chelating moieties of DHT compared to the reference
compounds. Moreover, we were able to illustrate the copla-
narity of the pharmacophore of both DHT and other DKA-like
inhibitors discussed above. Thus, DHT fulfill essential criteria
of the recently described two-metal-binding model postulated
for DKA-like inhibitors (25). However, as demonstrated by the
SAR of the DHT, the �-keto-dihydroxythiophene motif is nec-
essary but not sufficient for the activity because less conserved
pendant groups allow the modulation of the potency of the
inhibitor. In agreement with this, the alignment of more distal
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parts of the DHT to other inhibitors in the molecular model
appears to be less stringent.

With regard to L-870,810, it has been published that the
alignment to DKA could be performed in forward and reverse
orientations and it has been suggested that the latter is pre-
ferred during binding of the inhibitor to the IN active site (30)
(see below). Whether DHT are also able to bind to the active
site in a similar flipped orientation needs to be further inves-
tigated.

A two-metal-binding model has been postulated as the mo-
lecular basis for the inhibition of IN by the DKA-like motif in
which the diketo acid pharmacophore coordinates two divalent
metal ions in the catalytic site of the integrase, thereby block-
ing the target DNA site of the strand transfer complex (25).
This strand transfer complex represents a unique conformation
of the highly flexible IN active site required for the binding of
INSTI and induced by the preceding binding of donor DNA
(18). Due to the described structural similarities of the DHT
pharmacophore to the common motif for INSTIs, we postulate
that DHT block IN by interacting with active site metal ions in
a similar manner. This notion was supported by competition
experiments in which the increase of target DNA oligonucle-
otides led to an increase of the IC50 in the strand transfer assay
(preliminary data not shown).

To date, the flexible nature of the IN active site in the
absence of donor DNA has hampered the accurate cocrystal-
lization of IN with INSTI. So we used a resistance profiling
approach in order to obtain insight into how DHT might bind
to the IN active site. Thus, compounds were profiled on a panel
of engineered replication-incompetent HIV vectors carrying
published mutations against DKA, S1360, and L-870,810. The
use of this system facilitated the evaluation of mutants with
combinations of active site mutations that are known to reduce
viral fitness or are lethal when introduced into infectious virus
(e.g., T66I/S153Y/N155S) (28). Of all of the tested INSTIs, the
DHT exhibited the most restricted profile on the underlying
panel of mutant vectors. In contrast to the other INSTIs, none
of the single mutations and neither the T66I/S153Y nor the
S153/N155S double mutation had any significant impact on the
activity of DHT. However, their effectiveness was markedly
impaired by the combinations T66I/N155S and T66I/S153Y/
N155S, both leading to a strong cross-resistance to all refer-
ence INSTIs. Importantly, neither of these combinations have
yet appeared in resistance selection experiments and, for the
triple mutation, it has been reported that its introduction into
an infectious molecular clone led to a nonviable mutant.
Therefore, it has been concluded that, in these variants, the
residual catalytic activity of IN is insufficient to allow viral
replication (28).

It has been suggested that the DKA resistance-associated
amino acids T66, S153, and N155 are not directly interacting
with the inhibitor because they are generally not oriented into
the active site (30). Rather, it has been assumed that these
substitutions induce a shift of the adjacent metal-binding cen-
ter formed by the active site residues D64, D116, and E152 that
leads to an altered affinity or positioning of the complexed
Mg2� ions and to a decreased affinity of the inhibitor (30).
Thus, our finding that resistance to DHT could so far be
observed only on mutant vectors carrying lethal combinations
of mutations may be explained by an altered mode of interac-

tion of DHT to a common binding site of IN that does not
allow a comparable shift of the metal binding center. The
hypothesis that DHT exhibit an alternate binding mode to IN,
though mechanistically related to other INSTI, is further sup-
ported by the observation that the T66I single substitution,
although of little or no impact on the resistance of reference
INSTI, surprisingly induced hypersensitivity to DHT. Drug
hypersensitivity and resensitization have been described for
certain RT-associated mutations (e.g., M184V and L74V in
RT) and are most likely involved in altered substrate discrim-
ination or excision (22). However, the biochemical mechanism
underlying T66I hypersensitivity to DHT remains to be eluci-
dated.

From our profiling data, it also became obvious that cross-
resistance between the recently described INSTIs S-1360,
DKA, and L-870,810 is incomplete. This indicates the presence
of multiple binding sites for INSTI with a common pharma-
cophore within the IN catalytic center. Interestingly, an alter-
nate binding mode for L-870,810 has been described by Ha-
zuda et al. (30). L-870,810-resistant viruses that were selected
in their study contained mutations V72I, F121Y, T125K, and
V151I, which were not associated with cross-resistance to the
mechanistically identical DKA. Vice versa, the authors showed
that DKA resistance mutations (i.e., T66I, S153Y, M154I, and
combinations thereof) had no significant effect on the effec-
tiveness of L-870,810. When both sets of mutations were
mapped in the IN active site, it turned out that distinct regions
were affected. The authors concluded that the nonoverlap of
resistance profiles was due to an unexpected reverse orien-
tation of L-870,810 induced by favorable interactions of
specific pendant substituents. Our experimental data for the
resistance profiling of different INSTI is in good accordance
with these findings; however, due to the nature of the ana-
lyzed mutants, the differences in the profiles of DKA and
L-870,810 described here are less pronounced than those
published by Hazuda et al. (30).

As we have not been successful in the identification of IN
mutations mediating resistance against DHT up to now
(mainly due to a severely impaired replicative fitness of DHT-
treated isolates), a more detailed analysis of the interaction
of DHT with the IN has been hampered. Therefore, it will
be instructive to analyze whether the recently published
naphthyridine resistance mutations at positions V72, F121,
T125, F121, and V151 (30) might exert any influence on the
activity of DHT.

It should also be mentioned that more recently, additional
resistance mutations raised in vitro against the DKA L-708,906
have been reported by Fikkert et al. (20). The authors describe
the emergence of DKA-resistant strains that, after 60 passages,
accumulated mutations at T66I, L74M, and S230R that led to
a 10-fold reduced susceptibility to L-708,906 and cross-resis-
tance to S-1360. However, phenotypic profiling of viral variants
with this resistance pattern against L-870,810 and against our
DHT remains to be performed.

Although DHT are potent inhibitors of HIV in cell culture
with an attractive mode of action, this compound class will not
be further pursued due to unfavorable pharmacokinetic prop-
erties. However, in the absence of precise cocrystals of inhib-
itors bound to the IN active site, DHT and other INSTIs might
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help to further elucidate the molecular mechanism of the un-
derlying strand transfer reaction.

In summary, we have presented DHT as a novel class of
specific INSTIs that block HIV replication in cell culture. Al-
though the DHT pharmacophore is homologous to the recently
published DKA motif and fits into the two-metal-binding model,
its cross-resistance to reference INSTIs is incomplete, suggesting
that DHT have a different mode of interaction with a common
binding site within the catalytic center of IN. Moreover, we
have added further general evidence for the existence of mul-
tiple binding sites for structurally different but mechanistically
related inhibitors in the IN active site recently proposed by
Hazuda et al. (30).
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